Actuator elements made of NiTi shape memory material are more and more known in industry because of their unique properties. Due to the martensitic phase change, they can revert to their original shape by heating when subjected to an appropriate treatment. This thermal shape memory effect (SME) can show a significant shape change combined with a considerable force. Therefore such elements can be used to solve many technical tasks in the field of actuating elements and mechatronics and will play an increasing role in the next years, especially within the automotive technology, energy management, power, and mechanical engineering as well as medical technology. Beside this thermal SME, these materials also show a mechanical SME, characterized by a superelastic plateau with reversible elongations in the range of 8%. This behavior is based on the building of stress-induced martensite of loaded austenite material at constant temperature and facilitates a lot of applications especially in the medical field. Both SMEs are attended by energy dissipation during the martensitic phase change. This paper describes the first results obtained on different actuator and superelastic NiTi wires concerning their use as damping elements in automotive safety systems. In a first step, the damping behavior of small NiTi wires up to 0.5 mm diameter was examined at testing speeds varying between 0.1 and 50 mm/s upon an adapted tensile testing machine. In order to realize higher testing speeds, a drop impact testing machine was designed, which allows testing speeds up to 4000 mm/s. After introducing this new type of testing machine, the first results of vertical-shock tests of superelastic and electrically activated actuator wires are presented. The characterization of these high dynamic phase change parameters represents the basis for new applications for shape memory damping elements, especially in automotive safety systems.
Introduction
Shape memory alloys (SMAs) show unique properties which do not exist in many other materials traditionally used in engineering applications. NiTi alloys are known as the most important SMAs because of their multitude of applications based on the shape memory effect (SME) and superelasticity (SE) (Ref 1-3 ). These properties are related to the martensiteaustenite and reverse transformation. This is caused by the fact that NiTi alloys have superior properties in ductility, fatigue, corrosion resistance, biocompatibility, and recoverable strain The damping capacity consists of dissipating mechanical energy into heat, a characteristic behavior specific not only to SMAs. However, SMAs exhibit a damping capacity that is far greater than the one of standard materials (Ref 9, 10) . SMAs have a larger hysteretic deformation and a higher elastic (superelastic) strain compared to conventional alloys and metallic materials (Ref 2) . The maximum superelastic strain, e s , in such materials can reach 13-16% (Ref [9] [10] [11] [12] [13] . SMAs are excellent candidates as dampers or actuators due to their remarkable characteristics, such as high damping performance, high energy dissipation capacity, significant stiffness hardening (variable stiffness), high ductility, long fatigue life, and corrosion resistance capability (Ref 3, 14, 15) . This is linked to the existence of numerous interfaces related to the martensitic transformation: those between austenite and martensite, those between the different variants of martensite, and the twin boundaries inside the martensite itself. In spite of the thermoelastic character of the transformation, many irreversible events occur (production of defects, movement of dislocations, etc.).
SMAs are known for their outstanding capability to absorb mechanical energy and, therefore, to damp mechanical vibrations (Ref 16) . NiTi textile elements stretched in tension are expected to show even larger recoverable strains than NiTi wires, thanks to the added geometrical deformation caused by bending and/or twisting of individual wires (Ref 17) . Possible engineering applications of this pseudoelastic effect include, for example, artificial braided/McKibben pneumatic muscles, releasable energy absorption, impact protection, force control versus strain and temperature, vibration damping, electrical actuation, or sensing capabilities (Ref 12) . In addition, this ability to absorb high amounts of energy recommends it for safety systems, such as safety belts and airbag, in the automotive sector (Ref 14) . A seat belt (or a safety belt), is a vehicle safety device designed to secure the passenger against harmful movement due to an accident, and keeping him positioned correctly for maximum effectiveness of the airbag (Ref 18) . It is evident that road accidents occur within a very short time, depending on the vehicle speed. For this reason the automotive industry is obligated to test their safety devices according to safety regulations that in particular specify the impact speed and the impact energy (Ref 19) . In accordance to the automotive safety regulations (Ref 19) in this research will be used the terms ''testing speed'' or ''impact speed'' and ''impact time'', although in the classical field of material science terms like ''load time'' or ''loading rate'' are the correct expressions.
This paper aims to investigate the damping characteristics of the tested NiTi SMA wires in the following conditions: different impact energies at different constant temperatures at different high dynamic testing speeds (tested for 3000 and 4000 mm/s).
In this research pseudoelastic wires (in austenite condition) and actuators wires (also in austenite condition) are investigated. For the actuator wires, which have martensitic structure at approximately 23°C and austenitic structure at temperatures above 90°C (data from SAES-Getters, the supplier of the samples), the phase change process is obtained through JouleÕs effect, by passing a well-defined electrical current through the wires. Hysteresis observed in SE is one of the energy dissipation manifestations (Ref 2) . The area illustrated in the force-displacement diagram (Fig. 1) can be calculated according to the Otzuka and Wayne theory (Ref 20) which is often applied to determinate the specific damping capacity (SDC) (Ref 3, 12) .
As shown in the diagram and the equation of Fig. 1 the SDC is defined as the hysteresis area (the area between the graph of the loading and unloading curve) divided through the area under the progression of the loading curve, and therefore is a term in percent (%). On the other hand, the term E D , the dissipated energy, is used in this research in order to dispose of a quantitative value for the design of new actuators for automotive safety systems. The value of the dissipated energy can be calculated either by using the integration method or the planimetry method.
Testing Methodology

Wire Samples
During the experiment, several types of SMA wires were used, both actuator and pseudoelastic, with a length of 250 mm and diameters varying between 0.1 and 0.5 mm. For this reason, each time a different number of wires needed to be tested in parallel, in order to avoid exceeding the stress limit and breaking the wires. The following table shows an example of how many wires had to be used for a specific wire diameter and falling weight (also given as force value in N).
For determining the phase transformation temperature, the wires were tested using a differential scanning calorimeter (DSC) under zero stress conditions, at 10°K/min. The test results given by the Proteus Thermal Analysis Version 4.1 of 
Testing Equipment
In literature you may find some testing methodologies and testing plants ( Ref 12, 21, 22) to investigate SMAs in the dynamic conditions. These methodologies mainly focus on the application of shape memory damping elements in earthquake protection devices (Ref 23) or vibration damping elements in civil engineering, e.g., bridges (Ref 24) . Since the main purpose of these tests was to determine the wires behavior when subject to dynamic conditions close to the crash situation in passenger vehicles, they had to be tested on a device capable of generating enough energy within the meaning of impact energy that suddenly can be discharged on the shape memory samples. Subsequently, this energy would allow a high speed to be obtained, before producing an impact. Moreover, for the actuator wires, the device needed to induce the phase transformation, by changing the wires temperature. This was achieved by including a separate system which activated the memory effect using JouleÕs effect, by passing an electrical current through the wires. In a real passenger car, this electrical energy could be provided by the car battery (Ref 25) .
The drop impact testing machine ( Fig. 3) is therefore a testing device used for realizing impact tests, in which the energy is generated by a falling weight. The SMA wire sample is fixed on the machine as follows: one end of the wire is fixed directly to the force sensor and the frame, and the other end is connected to the linear bearing. The force sensor is a piezoelectric load cell of the type 9321B from the company Kistler Instrumente AG, delivered with a calibration certificate according to ISO 17025. The range of measurements goes from 0 till 5 kN. For this range the piezo-electric force sensor has an accuracy of À3689 pC/N. That means for 1 N the difference for reality is À3.3683 9 10
À12°C . This type of sensor is connected to the measuring amplifier Type 5015 from the same company. A displacement sensor is attached to the free component of the linear bearing, to measure the SMA wire elongation/contraction. The assembly also contains steel wire ropes bent over a set of pulleys and at the end a metal plate is used for impact. A second displacement sensor is fixed, this time to the metal plate. In both positions are used wire rope sensors of the types WDS 300 MP-C-P from the company Micro-Epsilon Messtechnik GmbH & Co.KG. The accuracy for the measured range (0 till 300 mm) is £ 0.3%. The falling weight can be controlled by the pneumatic cylinders, opened and closed through a PLC (programmable logic controller). The controlling of the measuring system is realized by LabView using a DataLogger type NI 6210. Work frequency for the measuring circuit was adjusted at 1 kHz. This value was selected in accordance with the high speed camera (Motion Extra N type) which is able to record at maximum resolution 1200 fps. In the measuring process for the camera 1000 fps were measured. To protect the measured value from the noises was used a filter (in LabView). Each input signal was filtered from the software.
The main reason for the non-linearity of the graph force versus time (Fig. 4) can probably be found in the connection of the force sensor with the frame of the testing plant (Fig. 3) . Because of the accuracy of the force sensor and the falling weight (the falling weight drives through the ''preload shaft'') it appears vibration which is also recorded. If the values are filtered than the equilibrium for the mechanical energy equation is not valid. Therefore, for future tests are planned to isolate the force sensor from the testing plant frame.
During the initial phase of the test, the weight is in the upper position, which gives it potential energy relatively to the ground. When the two pneumatic cylinders open and the weight is released, its speed will increase, gradually changing the initial potential energy into kinetic energy. This transformation process is followed by the impact with the lower plate, which is directly connected to the SMA wire. An additional behavior occurs when testing the actuator wires: prior to the impact, the electrical current passing through the wires generates heat and induces the phase transformation, causing a significant contraction of the wire. All these rapid changes are recorded with a high speed camera and measurements are logged in LabView using a data logger.
Results and Discussion
The dynamic experiments were divided into two sets of tests: one at an impact testing speed of 3000 mm/s for the 
stress corresponding to each wire diameter different masses of weight were used as preloads. As these preloads have a variation concerning their diameter-height dimension, the distance of the falling weight and the resultant testing impact speeds were slightly different. The results will be presented with focus on the 0.5 mm diameter wires.
Pseudoelastic Wires
It is known that NiTi pseudoelastic wires have an austenitic structure at 20°C, being capable of dissipating a certain amount of mechanical energy. Therefore, the wires were tested with a set of different weights, to observe how their behavior changes in relation with the applied weight. The measurement value of the unfiltered data indicated by the force sensor is initially zero until the impact point, when it suddenly starts to increase reaching a maximum value, depending on the applied weight (Fig. 4) . In the second phase, while the wire returns to its initial length, the graph indicates a decrease of the force values. The following secondary peaks are the result of the oscillations of the weight after the impact, causing an additional stress in the wire. As the highest impact force occurs in the first peak, this region from the impact point till the point when the force is again zero will be further analyzed. This region corresponds to an impact time of less than 0.1 s (0.066 s) for the tested maximum conditions (impact speed of 4000 mm/s and a falling weight of 2.4 kg). As expected, the force values increase proportionally to the mass of the falling weights.
The pseudoelastic behavior of a SMA, associated with stress-induced transformation, can be easily characterized by using a stress versus strain diagram (Fig. 5) . Such a graph clearly indicates the strain generation during loading and subsequent strain recovery upon unloading. Furthermore, the area under this curve is an indicator of the energy absorbed by the wire during the impact. This energy is used by the wire to transform itself from austenitic to martensitic structure. The test results indicate that for both speeds, the amount of absorbed energy increases as the mass of the falling weights increases. (Note: the stress versus strain graphs are reduced to a single wire, regardless of the number of wires used for a specific test, i.e., the value recorded by the force sensor was divided by the total number of wires in order to determine the stress value).
Using these graphs, it was possible to quantify the amount of absorbed energy by the wire due to the damping effect. The following table shows the values of the absorbed energy in Joules and also in percentage, which represents the amount of energy relatively to the maximum theoretical energy value (calculated as the area between the upper region of stress versus strain graph and horizontal axis). The results clearly indicate that, for larger weights, the wires absorb more energy and also the impact speed influences the amount of absorbed energy in a positive direction.
In the Table 2 , the value of the dissipated energy and SDC are presented, using the values of the force-displacement Table 2 it can be observed, that for both testing speeds the damping energy increases when the dropped weight increase. In the same time the damping energy increases linearly with the diameter (Fig. 6) . The graph considers the maximum value of the dropping weight for each of the tested wires. Note: in this figure only the test data obtained with the highest load, 2.4 kg, is visualized; for this reason no data of the 0.15 mm wires is included.
Another interesting aspect of this research was to determine the maximum wire strain immediately after the impact. The strain e was calculated as the change in the length of the specimen along the direction of applied load, normalized by the original length. The graph in Fig. 7 suggests that the strain is higher for larger weights and also has slightly higher values for the 0.5 mm diameter wires.
Actuator Wires
For the actuator wires, a new sequence had to be added in the test procedure, allowing them to go through the phase transformation. By connecting the both ends of the NiTi wire to a power supply and using a timer relay, the wires could be heated using the JouleÕs effect. During the heating process, the lattice structure changed from martensite to austenite, causing a rapid contraction of the wire and also lifting the lower weight for a short distance. Since previous studies (Ref 26, 27) have shown that 0.6 s before a car accident is the last time point in which the crash can be prevented, it was important to find out if the actuator wires can be activated in such a short time. Figure 8 confirms that the contraction of the wire takes place in less than 0.6 s when subjected to appropriate electrical voltage and intensity. Also, the graph indicates that, after the impact, it takes less than 0.6 s for the wires to dissipate the mechanical energy.
In terms of force values (Fig. 9) , the behavior is similar to the pseudoelastic wires, excepting a slight oscillation prior to impact, caused by the contraction of the wires. Then measurement starts to increase reaching a maximum value, depending on the applied weight. In the second phase, while the wire returns to its initial length, the graph indicates a decrease of the force values. The following secondary peaks are the result of the oscillations of the weight after the impact, causing an additional stress in the wire. As expected, the force values increase proportionally to the mass of the falling weights.
For the stress versus strain diagrams (Fig. 10) , the actuator wires follow the same trend as the pseudoelastic ones, that means that the area under the curve and therefore the absorbed energy is larger as the applied weight for impact is higher. The tests also indicated that the wires can undergo stresses up to 1100 N/mm 2 at 3000 mm/s and up to 1200 N/mm 2 at 4000 mm/s without any damage in their internal structure (Fig. 10) .
In a similar manner, a table was used to summarize the results for the absorbed energy ( Table 3) . As observed for the pseudoelastic wires, the amount of energy increases when using larger weights. In the same time, the speed of the impact has an influence, increasing the absorbed energy through damping. In comparison to the results of the tested pseudoelastic wires the values of the possible absorbed energy through damping is even higher.
In terms of maximum strain during the impact, the actuator wires have shown that they can exhibit strains up to approx. 11%, especially for the 0.5 mm diameter wires (Fig. 11) . In Fig. 12 it can be observed that the lines of the two different testing speeds are very similar, therefore the different impact speed in this high dynamic condition has a small influence on the E D value. But this figure shows very clearly the significant influence of the wire diameter on the E D value, reaching higher damping energies using higher specimen area. At impact testing speeds of 3000 mm/s it is found a linear dependency with a strong increasing gradient, whereas at testing speeds of 4000 mm/s this dependency is less obvious.
Conclusion
The first results of this research work show that the NiTi wires are capable of dissipating a significant amount of mechanical energy under dynamic conditions, without damaging the internal structure of the material (indirectly proven by cycle tests, which will be discussed in future publications (Ref 28) . This facilitates new possibilities for shape memory damping elements in application, where reversibility and cyclic actuation is required. The test results also indicate that the absorbed energy is higher as the mass of the falling weights increases. When the mass of the dropped load was further increased, some damage in the samples could be detected. This observation feeds the assumption of a limitation when the impact force is increased too much. In addition, the impact speed has a positive influence on the damping capacity of the wire. The actuator wires can be electrically activated in less than 0.6 s, which recommend them in the automotive safety systems industry, especially for a pretensioner device, whose purpose is to tight the slack of a safety belt prior to an impact (Ref 29, 30) . Collectively, the test results show, that the amount of dissipated energy increases according to the testing speed and reaches much higher force and . The test results show higher achievable values of the damping capacity for the actuator wires in comparison to the pseudoelastic wires. The newly developed drop impact testing machine proved its functionality and reliability; however, for future tests it is recommended to use a more precise force measurement system, which will reduce or eliminate the perturbations. These future tests furthermore will permit testing at higher dynamic impact speeds in order to examine the limitations for NiTi specimens concerning their maximum damping capacity without suffering any damage. 
